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Aryl-aryl interactions1 have been shown to be impor-
tant in the self-assembly2 of [n]catenanes,3 such as the
[2]catenane 1‚4PF6

4 constructed by us5 back in 1989.
Moreover, these interactions appear to have a strong
influence upon the yields obtained in the template-
directed6 synthesis of the catenanes and upon the dy-
namic processes occurring within their molecular frame-
works. Investigations have so far focused on changing
the π-electron acceptor properties of the tetracationic
cyclophane7 and the π-electron donor properties of the
neutral component.8 In the present investigation, we
have sought to reduce the π-electron-donating nature of
the hydroquinone rings in the bis-p-phenylene-34-crown-
10 component by incorporation of electron-withdrawing
substituents into the hydroquinone rings. In this regard,
fluorine atom substituents are interesting on account of
their size complementarity with hydrogen (rF ) 1.35 Å,
rH ) 1.10 Å), combined with their drastically different
electronic properties. The physical and chemical proper-
ties of aromatic fluorine compounds9 are dominated by
the powerful negative inductive effect of the fluorine
atoms and by the donation of electron density from the
p-electrons of fluorine into the π-system of the aromatic
ring. Modification of the structures of biologically-

important molecules by fluorine substitution is well
known.10 However, examples in the literature of fluorine
being employed to influence aryl-aryl interactions in
supramolecular11 and related systems are limited.12-14

In this paper, we report (i) the synthesis and solid-
state structure of p-phenylenetetrafluoro-p-phenylene-34-
crown-10 (4), (ii) the self-assembly and solid-state struc-
ture of the [2]catenane 7‚4PF6 incorporating 4 and
cyclobis(paraquat-p-phenylene), and (iii) variable-tem-
perature 1H NMR spectroscopic studies carried out on
7‚4PF6. The macrocyclic polyether 4 was synthesized as
shown in Scheme 1. The bistosylate 2 was reacted with
tetrafluorohydroquinone (3) in the presence of Cs2CO3 to
give the macrocyclic polyether 4 in 14% yield.

The X-ray structural analysis of 422 shows (Figure 1)
that the macrocycle is self-filling, with the hydroquinone
ring and its tetrafluoro counterpart in proximal (cen-
troid-centroid separation, 4.27 Å) overlapping, but with
slightly tilted (angle between their mean planes, 16°)
relative orientations. The planarity of the hydroquinone
ring extends to include its adjacent anti-disposed OCH2-
CH2 units,15 but for the tetrafluoro-p-phenylene ring, this
geometry is, not surprisingly, different with the two
OCH2CH2 units orientated approximately orthogonally
with torsional twists about the -OC6F4O- bonds of 80
and 81°. The macrocycles pack to form continuous polar
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Scheme 1

Figure 1. Space-filling representation of 4 in the solid state.
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stacks that extend in the crystallographic a direction. The
centroid-centroid separation between the hydroquinone
ring in one macrocycle and its tetrafluoro counterpart in
the next macrocycle is 4.11 Å. As the molecules crystal-
lize in a noncentrosymmetric space group, stacks of one
polarity only are present in a given crystal.
The [2]catenane 7‚4PF6 was self-assembled (Scheme

2) by reacting the macrocyclic polyether 4 with the salt
5‚2PF6 and 1,4-bis(bromomethyl)benzene (6) in MeCN at
ambient temperature and pressure. The [2]catenane
7‚4PF6 was isolated as a red solid in 60% yield after
column chromatography and counterion exchange.
Dynamic processes occurring in the [2]catenane 7‚4PF6

in the solution state (CD3CN and CD3COCD3) were
investigated by variable-temperature 1H NMR spectros-
copy (400 MHz). In solution, only one translational
isomer could be observedsi.e., the one in which the
hydroquinone ring is located inside the cavity of the
tetracationic cyclophane.16 Below 235 K, the appearance
of two resonances for the p-phenylene protons in the
tetracationic cyclophane is in accordance with the cir-
cumrotation of the tetracationic cyclophane through the
cavity of the macrocyclic polyether component17 being
slow on the 1H NMR time scale. This process almost
certainly involves the disruption of any interaction
between the alongside hydroquinone ring and the bipy-
ridinium unit of the tetracationic cyclophane. The free
energy of activation (∆Gq) for this process was calcu-
lated18 to be 11.4 kcal mol-1.
The X-ray crystal structure (Figure 2) of the [2]-

catenane 7‚4PF6
22 shows that the hydroquinone ring of

the macrocyclic polyether is positioned within the cavity
(-OC6H4O- axis inclined by 47° to the mean plane of
the tetracationic cyclophane) of the tetracationic cyclo-
phane, while the tetrafluoro counterpart lies on the
outside.19 A noticeable feature of the outside positioning
of the tetrafluoro-p-phenylene ring is its distinctly tilted

orientation with respect to the inside bipyridinium unit,
a conformational arrangement present also in the free
macrocycle. The inside hydroquinone ring is almost
exactly centrally-located within the tetracationic cyclo-
phane,20 which has a length and breadth of 10.23 and
6.98 Å, respectively. The mean interplanar separations
between the hydroquinone ring and the inside and
outside bipyridinium units are 3.47 and 3.50 Å, respec-
tively. In addition to the π-π stabilizing interactions
between these residues, there are both edge-to-face
CH‚‚‚π (H‚‚‚π, 2.87 Å, C-H‚‚‚ring centroid angle, 160°)
interactions between hydroquinone CH hydrogen atoms
and p-phenylene rings of the tetracationic cyclophane and
C-H‚‚‚O (C‚‚‚O, 3.29, 3.29 Å, H‚‚‚O, 2.41, 2.45 Å,
C-H‚‚‚O angle, 153, 146°) hydrogen bonds between
bipyridinium protons and the central oxygen of each
polyether linkage. In contrast to 1‚4PF6, where continu-
ous donor/acceptor stacks are formed in the crystals, here
discrete centrosymmetrically related “dimer-pairs”21 are
formed wherein the tetrafluoro-p-phenylene rings are in
a parallel overlapping arrangement with a ring-ring
interplanar separation of 3.21 Å and an associated
centroid-centroid distance of 3.89 Å.

In the knowledge that the tetrafluorohydroquinone
ring shows no propensity for inclusion within the cavity
of the tetracationic cyclophane, it is remarkable to note
that the self-assembly of the [2]catenane 7‚4PF6 proceeds
in such high (60%) yield (cf. 70% for the self-assembly of
1‚4PF6). This decrease in yield is small considering that
one of the recognition sites has effectively been “switched
off”.
Incorporation of fluorine atoms into organic compounds

has led to a tremendous number of materials with novel
and exciting properties. We hope to employ further the
unique chemistry of fluorine, not only to influence the
molecular recognition in self-assembled molecular com-
pounds, but also to increase fundamental understand-
ing14 of interactions between aromatic units.
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Scheme 2

Figure 2. Ball-and-stick representation of the solid state
structure of the [2]catenane 7‚4PF6.
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